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摘  要 
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集过氧亚硝酸以及 Fenton 反应产生的•OH 氧化谷胱甘肽产生的硫中心自由基
后，荧光强度显著增加，为表征硫中心自由基提供了基础。论文对反应的实验条
件和荧光表征的机理进行了系统的研究。经 HPLC-MS 分析，表明 Ac-Tempo•捕
集由过氧亚硝酸诱导谷胱甘肽氧化形成的硫中心自由基，生成荧光物质
Ac-piperidine，Ac-Tempo•捕集由 Fenton 反应诱导谷胱甘肽氧化形成的硫中心自
由基，产生的荧光物质为 Ac-piperidine 和 4-(9-丫啶酯 )-2,2,-二甲基吡咯
（Ac-pyrrolidine）。Ac-piperidine 的形成源自 Ac-Tempo•与硫中心自由基反应后形







组织匀浆液作为蛋白质模型，通过 Ac-Tempo•对 H2O2 氧化其产生的蛋白质自由
基进行表征。当 Ac-Tempo•捕集 H2O2 氧化肌红蛋白产生的蛋白质自由基后，荧
光强度显著增加，从而可对其进行表征。论文对表征的实验条件和机理进行了研
究，在所选择的实验条件下，Ac-Tempo•对肌红蛋白的最低响应量为 6.8 × 10-6 













摘  要 
 III
确定形成的荧光物质为 Ac-piperidine。Ac-piperidine 的形成也主要源自于蛋白质
自由基自身的共振结构，以及溶液中 O2 分子的竞争反应。 
第六章，血红蛋白自由基的荧光表征，介绍了应用自旋标记荧光探针
Ac-Tempo•表征血红蛋白自由基的研究结果。本章的研究工作是以血红蛋白以及
红细胞裂解液作为蛋白质模型，通过 Ac-Tempo•对 H2O2 氧化其产生的蛋白质自
由基进行表征。非荧光物质 Ac-Tempo•捕集 H2O2 氧化血红蛋白产生的蛋白质自
由基，形成强荧光产物，达到对目标自由基表征的目的。论文对表征的实验条件
和机理进行了研究，在所选择的实验条件下，Ac-Tempo•对血红蛋白的最低响应

































The study of biomolecule-based radicals has been of important significance, and this 
study increases mankind’s understanding of oxidative damages of biomolecules 
induced by reactive oxygen species, via characterizing the acting sites, lifetimes and 
reactivities of radicals, as well as the self-repairement of biomolecules. Currently used 
analytical methods for probing the radicals, such as electron paramagnetic resonance, 
immuno-spin trapping and mass spectrum, however, were unable to trace, timely and 
dynamically, the biomolecule-based radicals in situ, as a result of the low 
concentrations, short-lifetimes and the high rates of self-reaction of radicals. 
Fluorescence spectroscopy, with its multi-parameters, wide linear range, high 
sensitivity and convenient in operating, has been a widely used spectroscopic 
technique in area of life-science. Fluorescence microscopy, especially, has proved to 
be a powerful tool for tracing the reactions in cells in situ. However, there were few 
sensitive and specific fluorescent probes for biomolecule-based radicals, and the 
application of fluorescence spectroscopy in radical biology has been not much. This 
dissertation was concentrated on the exploitation of the fluorescence probes and their 
applications in probing bio-molecule-based radicals. It included seven chapters: the 
overview on the study of probing bio-molecule-based radicals, materials and methods, 
probing peptide-based carbon-centered radicals, probing peptide-based thiyl radicals, 
probing myoglobin radicals, probing hemoglobin radicals and probing nucleotide 
acid-based radicals. 
In chapter 1, a brief overview on the present state of analytical chemistry related to 
the biomolecule-based radicals study was given. It began with the introduction to the 
oxidative damages of biomolecules, including protein, DNA and lipid, induced by 
reactive oxygen species, and emphasized the importance of biomolecule-based radical 
investigations. Then, some techniques for probing biomolecule-based radicals were 
introduced, eg. electron paramagnetic resonance, immuno-spin trapping and mass 
spectrum. Finally, the research plan for this dissertation was presented. 
In chapter 2, materials and methods were introduced, including instruments, 
reagents, the synthesis of the spin-labeling fluorophores (NA-Tempo• and Ac-Tempo•), 















In chapter 3, the probing of peptide-based carbon-centered radicals by spin-labeling 
fluorophore, Ac-Tempo•, was described. Ac-Tempo•, a weak fluorescent compound, 
showed a dramatic increase in fluorescence intensity after interaction with 
carbon-centered radicals of tyrosinamide, produced through horseradish 
peroxidase/H2O2 reaction, and had proved to be able to probe peptide-based 
carbon-centered radicals. The variables and mechanism of the reaction were studied in 
detail, and the fluorescent product was identified. The results demonstrated that the 
interaction between Ac-Tempo• and peptide-based carbon-centered radicals would 
generate Ac-piperidine or adducts according to the reaction condition. The formation 
of Ac-piperidine mostly resulted from the resonance-stabilized tyrosine radicals and 
the competition reaction of oxygen in solution. The experiment result also 
demonstrated that the formation of adducts would be observed when the concentration 
of Ac-Tempo• was high in comparison with that of radicals, or decreasing the 
concentration of solved oxygen. The formation of adducts would provide useful 
information for the site and the structure of bio-molecule-based radicals. As for 
probing tryptophan-based carbon-centered radicals, the scavenging efficiency was 
relatively decreased, indicating the influence of dimensional structure on the radicals 
scavenging. 
In chapter 4, probing peptide-based thiyl radicals by spin-labeling fluorophore, 
Ac-Tempo• was proposed. Ac-Tempo•, a weak fluorescent compound, showed a 
dramatic increase in fluorescence intensity after interaction with glutathione-based 
thiyl radicals induced by peroxynitrite or hydroxyl radicals through Fenton reaction, 
and was able to probe peptide-based thiyl radicals. The variables and mechanism of 
the reaction were studied in detail. HPLC-MS analysis showed that the fluorescent 
product was Ac-piperidine during the interaction of Ac-Tempo• and glutathione-based 
thiyl radicals induced by peroxynitrite, and Ac-pyrrolidine and Ac-piperidine during 
the interaction of Ac-Tempo• and glutathione-based thiyl radicals induced by hydroxyl 
radicals produced in Fenton reaction. The generation of Ac-piperidine might result 
from the cleavage of the unstable N-O-S bond after Ac-Tempo• interacted with the 
thiyl radicals. Fe3+ generated in Fenton reaction in the presence of glutathione might 
result in the formation of Ac-pyrrolidine. Nontoxic nitroxides are considered as 
effective and promising antioxidants. Elucidation of nitroxide radical scavenging 















showed that different metabolite would be observed when different radicals were 
scavenged, which riched the theory of the metabolisms of nitroxides.  
In chapter 5, the method of probing myoglobin radicals by spin-labeling fluorophore, 
Ac-Tempo•, was given. Ac-Tempo•, a weak fluorescent compound, showed a dramatic 
increase in fluorescence intensity after interaction with myoglobin radicals from the 
oxidation of H2O2, and had been employed to probe protein-based radicals both in 
pure myoglobin and in rat heart supernatant. The variables were studied, and the 
signal detection limit to myoglobin, at the given experimental conditions, was 6.8 × 
10-6 g/mL and 1.3 × 10-5 g/mL, respectively (based on 3s). HPLC-MS analysis 
showed that the fluorescent product was Ac-piperidine, as a result of the 
resonance-stabilized protein radical and the competition reaction of oxygen in 
solution.  
In chapter 6, the experiment result of probing hemoglobin radicals by spin-labeling 
fluorophore, Ac-Tempo•, is reported. Ac-Tempo•, a weak fluorescent compound, 
showed a dramatic increase in fluorescence intensity after interaction with 
hemoglobin radicals produced from hemoglobin/H2O2 reaction, and had been 
employed to probe protein-based radicals both in pure hemoglobin and in hemolysates. 
The variables were studied, and the signal detection limit to hemoglobin, at the given 
experimental conditions, was 8.4 × 10-7 g/mL and 1.6 × 10-6 g/mL, respectively (based 
on 3s). MS-MS analysis showed that the fluorescent product was Ac-piperidine. 
However, Ac-Tempo• was failed to probe protein-based radicals in rat red cell via 
fluorescence microscopy. The failure of applying spin-labeling fluorophore in cell 
fluorescence microscopy was thought to be that the signal detection limit of this 
method was higher than the concentration of hemoglobin in red cell. The sensitivity of 
this method was limited by the concentration of Ac-Tempo• used. Thus, it would 
improved its sensitivity if increasing the solubility of Ac-Tempo•. 
In chapter 7, a method for probing nucleotide acid-based radicals by spin-labeling 
fluorophore, NA-Tempo•, was proposed. NA-Tempo•, a weak fluorescent compound, 
showed a dramatic increase in fluorescence intensity after interaction with 5´-dGMP, 
5´-GMP-based radicals induced by hydroxyl radicals from Fenton reaction, and could 
be employed to probe nucleotide acid-based radicals.  
Keywords: nitroxide, spin-labeling, fluorescence probe, oxidative damage, protein 
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